Abstract: There are significant environmental, economic and social factors favoring the reutilization of fruit and vegetable processing co-products in farm animal nutrition. Current evidence shows that fruit and vegetable processing co-products can be effectively used in farm animal nutrition as functional feed ingredients for the production of food products of improved quality. These ingredients comply with consumer requests for the production of "clean," "natural" and "eco/green" label food products. The main parameters affecting extensive application of fruit and vegetable processing by-/co-products as functional feed ingredients in livestock nutrition are related to animal factors, logistics, and commercial value. Further research is needed to enable the commercial application of these products to livestock nutrition.
Introduction
Recently, there has been great social and environmental pressure for the efficient reutilization of agricultural industry residues [1, 2] due to the global intensification of food production that has led to OPEN ACCESS the creation of large quantities of food co-products and wastes [3] . Utilization of agroindustrial by-/co-products in farm animal nutrition reduces the environmental impact of the food industry and improves profitability and valorization of the agricultural by-products since feeding food residue to livestock is an efficient way to upgrade low quality materials into high quality foods [4] . This is compliant with the current legislation that strongly encourages the food industry to find new end-uses for by-products [5, 6] . Furthermore, these undesirable materials pose increasing disposal and potentially severe pollution problems and represent a loss of valuable biomass and nutrients [7] . In addition, industrial ecology and circular economy are considered the leading principles for eco-innovation focusing on a "zero waste" society and economy where wastes can be used as raw materials [8] . On the other hand, consumers that demand the production of "clean," "natural" and "eco/green" label food products [9] [10] [11] [12] are also willing to pay significant premiums for such products. Consumers also request natural ingredients, which consumers expect to be safe and health promoting due to their increasing awareness of diet related health problems [13] . Finally, feed additives can also affect other major determinants of food quality for the modern consumer such as shelf life, sensory characteristics (appearance and eating quality), nutritional value, and health enhancers [14] [15] [16] .
Industrialization of food production has resulted in a generation of large quantities of food waste that can be classified into the following six categories: (a) crop waste and residues; (b) fruit and vegetables by-products; (c) sugar, starch and confectionary industry by-products; (d) oil industry by-products; (e) grain and legume by-products; and (f) distilleries' and breweries' by-products [17] . Processing of fruit, vegetable and oilseed (considered fruits) generates various quantities and types of by-products depending on the raw material and the applied processing procedure. For most fruits and vegetables, the production of likely waste is estimated to be approximately 30% of the processed material (Table 1) [18] . Furthermore, the global market for feed ingredients is expected to grow at the compound annual rate of 3.8% in the coming years and is projected to reach approximately $20 million by 2018 [19] as a result of the rising per capita incomes and urbanization in developing countries [20] . Additionally, developments in the biorefinery industry and novel extraction methods have led to the production of phytochemicals and other target compounds that can be used as functional additives in different products [21, 22] .
Fruit and vegetable processing by-/co-products are promising sources of valuable substances such as phytochemicals (carotenoids, phenolics, and flavonoids), antioxidants, antimicrobials, vitamins, or dietary fats that possess favorable technological activities or nutritional properties [13, 23] . The applications and the functions of fruit and vegetable residues or their valuable extractable compounds in the food industry are presented in key review studies [7, 13, 21, 24, 25] . Fruit and vegetable processing residues have traditionally been used in animal nutrition as the main feed ingredients and their effect on animal performance has been extensively studied [1, 26, 27] . However, fruit and vegetable processing by-/co-products as sources of phytochemicals constitute a relatively new class of feed ingredients and there is limited knowledge on their applications and functions as well as their bioactivity, bioavailability, and interactions with other feed ingredients. The aim of this study is to provide a brief overview of the recent knowledge on the application of fruit and vegetable co-/by-products as functional feed ingredients in farm animal nutrition for the production of food products with improved characteristics. Current limitations as well as targets for future research work are also discussed. 
Definition of Fruit and Vegetable Co-/By-Products in Animal Nutrition
In this overview, the definition of fruit and vegetable co-products includes all products derived from the various stages of fruit and vegetable processing that are suitable for animal consumption and promote welfare and health, as well as human health and safety. According to the European Union Regulation EC 767/2009 [29] , feed materials are defined as: products of vegetable or animal origin, whose principal purpose is to meet animals' nutritional needs, in their natural state, fresh or preserved, and products derived from the industrial processing thereof, and organic or inorganic substances, whether or not containing feed additives, which are intended for use in oral animal-feeding either directly as such, or after processing, or in the preparation of compound feed, or as carrier of premixtures.
The distinction between by-and co-products is not always consistent and it usually takes place outside the animal feed industry, as it is related to the objectives of other parties involved in food processing [27] . In accordance with Article 5 of the Revised Waste Framework Directive [30] , food industry by-products can be defined as materials:
resulting from a production process, the primary aim of which is not the production of that item only if the following conditions are met: (a) further use of the substance or object is certain; (b) the substance or object can be used directly without any further processing other than normal industrial practice; (c) the substance or object is produced as an integral part of a production process; and (d) further use is lawful, i.e., the substance or object fulfils all relevant product, environmental and health protection requirements for the specific use and will not lead to overall adverse environmental or human health impacts. Plant materials exposed to various physical and chemical treatments for the extraction of economically important components can be characterized as co-products [31] . In this respect, citrus pulp-the solid residue that remains after squeezing the fruit for juice-is a by-product, whereas citrus molasses-the syrup produced by the concentration of juice released from the citrus peel-is a co-product. However, there are products such as fermented grape pulp that cannot be classified as either by-or co-products. In terms of animal feeding, the distinction between co-and by-products is not significant and not related to the nutritional value of these products. Therefore, for purposes of convenience, co-/byproducts will be referred to as co-products from henceforth.
Feed Additives for Improved Product Quality-Functional Ingredients from Fruit and Vegetable Co-Products
In accordance to the European Food Safety Authority [32] , feed additives for improved animal product quality can "favorably affect": (a) the sensory characteristics and acceptance of the products, i.e., antioxidants and colorants, (b) the nutritional value of the products, i.e., long chain polyunsaturated fatty acids, conjugated linoleic acid (CLA), and (c) the microbial quality of the products.
It is also noted that, according to Article 17 of Regulation (EC) No 1831/2003 on additives for use in animal nutrition, the Commission has established the European Union Register of Feed Additives [33] .
Fruit and vegetable co-products are heterogeneous products as their physical form (peels, seeds, stems, stones, pulp etc.), the processing technology of the raw material for the production of the food product, their storage, and handling conditions affect the composition and concentration of the target ingredients. For instance, tomato skins contain higher levels of lycopene in comparison to tomato seeds [34] . Additionally, mechanical peeling of tomatoes with sodium hydroxide increases the sodium content of tomato skins. In addition, the names of the co-products (pomace, pulp, cake, waste, etc.) may fail to provide an accurate description of the product ingredients and composition. Therefore, determination of the chemical composition of the co-product before application in livestock diets is suggested [35] . Some typical functional ingredients from fruit and vegetable co-products suitable for application in farm animal nutrition are presented in Table 2 . 
Food-Feed-Food System Description
The present food-feed-food system is shown in Figure 1 . Fruit and vegetable industry co-products are collected either from primary production fields, such as in the case of olive leaves, or from the processing factories, such as with pomaces; they are then used either as unprocessed residue or are subjected to processing. Processing procedures may involve drying, since most of these materials have a high moisture content that leads to product spoilage, or they may be subjected to advanced processing/biorefinery techniques for the collection of specific compounds such as phenols, vitamins, fatty acids, or carotenoids. The moisture content of citrus fruits lies in the range of 76%-83% [27] , olive cake moisture stands around 30%-50% [36] , and the average moisture content of grape pomace is approximately 64% [37] . The produced co-products can be incorporated in animal feed formulations either as main feed ingredients to provide crude protein and energy, such as citrus pulp, as dietary supplements to achieve a particular function, such as tomato pulp, as antioxidants or as dual purpose ingredients (main feed ingredients with functional properties), such as in the case of olive pomace. The food-feed-food cycle is completed by the production of primary (milk, meat, eggs) livestock products.
Application of Dietary Fruit and Vegetable Co-Products on Farm Animal Product Quality
Examples of successful applications of fruit and vegetable co-products, either as main feed ingredients or as dietary supplements on farm animal nutrition in relation to the quality characteristics, i.e., shelf life and nutritional value, are presented in Table 3 . Literature research has primarily focused on the utilization of co-products such as grape, tomato, olive or citrus pomace that are voluminously produced [1] and have an important impact on the envinronment. Furthermore, research has narrowed in the years since 2000 to encompass both modern production trends in animal nutrition and novel techniques for the recovery of value-added components from food industry residues. Fruit and vegetable co-products have been mainly tested in poultry and small ruminant diets. There are also a few studies on the effects of dietary supplementation of fruit and vegetable co-products on meat quality from monogastric animals (pigs and rabbits) and cow milk. With regard to the intended function, these co-products have been mainly tested as antioxidants since lipid oxidation is a major parameter affecting the shelf life, sensory properties and the nutritional/health value of animal food products [38, 39] , along with the fact that fruit and vegetable co-products are good sources of natural antioxidants due to their high phenolic content [40, 41] . Another examined quality characteristic was the lipid profile of meat and milk from small ruminants. Production of milk and meat with lower concentrations of saturated fatty acids or increased concentrations of the nutritionally important conjugated linoleic acid (CLA) is related to the dietary recommendations for healthy fat intake [42] and it satisfies consumers' demands for healthier foods. In relation to the product form, in the vast majority of the studies, fresh or minimally processed, i.e., dried products have been used, whereas in a limited number of trials recovered components of high value such as grape seed extract or hesperidin have been used. The desirable functions of the examined co-products (i.e., grape or tomato pomace) on product quality have been validated in a number of studies, usually following a dose response pattern. However, lack of efficacy of the supplemental feed ingredient in relation to the intended function has also been reported in some cases. For example, O'Grady et al. [43] reported no effect of dietary grape seed extract on muscle lipid oxidation in pork meat, whereas Tsiplakou and Zervas [44] reported no increase in conjugated linoleic acid content in milk from goats supplemented with grape pomace (marc), in contrast to the positive effect observed in ewes. The main reason for the lack of effectiveness is considered to be related to inadequate supplementation levels, although other potential reasons have not been thoroughly explored. There are also cases wherein supplementation of animal diets with food and vegetable co-products had a negative effect on product quality. For instance, Francesch and Cartañà [45] reported undesirable changes in the odor and flavor of meat from Penedes chicken fed on a diet containing grape seeds.
Limitations of Commercial Application of Fruit and Vegetable Co-Products in Animal Nutrition
The three main parameters affecting the application of alternative feed ingredients in animal nutrition are related to animal factors and the presence of anti-nutritional factors, production logistics and profit that is extended from the food processing industry to the feed industry and, finally, to the farmer [76] . The same factors affect the application of fruit and vegetable co-products in livestock nutrition.
Incorporation of co-products in animal diets should support an acceptable animal performance, since adverse effects on production yields, even if associated with superior end product quality, will not allow their application in animal nutrition. For instance, lower concentrations and yields of milk fat have been reported in dairy cows fed on diets containing tomato seeds at certain inclusion levels, due to decreased digestibility of total fatty acids and crude protein [77] . Similarly, retarded growth has been observed in broilers fed on diets supplemented with grape seed extracts [78, 79] , also due to reduced protein digestibility [78] . Moreover, Yanez-Ruiz et al. [80] reported a difference in the digestive response between sheep and goats fed on diets containing condensed tannins from olive cakes. Therefore, commercial exploitation of fruit and vegetable co-products requires a detailed knowledge of the nutritional factors that can adversely affect animal performance and growth.
With regard to production logistics, there should be adequate product quantity to support a supply chain enabling incorporation in various types of feed formulations (matrices). Most of these products are seasonal and locally produced and thus they are fed to the animals either unprocessed, or after minor processing, i.e., drying. Table 3 . Effects of fruit and vegetable processing co-products (either as bulk material or high value component) on farm animal product quality (selection divided by type of co-product and species).
Co-/by Product or Extract
Animal Species Effect 1
References
Grape pomace Broilers Antioxidant [46, 47] Grape seed extract Broilers Antioxidant [48] Tomato extract Broilers Antioxidant [48] Hesperidin Broilers Antioxidant [49] Citrus pulp Broilers Improved fatty acid composition [50] Pomegranate by-products Broilers
Antioxidant
[51] Improved fatty acid composition
Hypocholesterolemic

Hesperidin
Laying hens Antioxidant [52] Grape pomace Laying hens Antioxidant [53] Grape seed/ Grape seed extract Laying hens Antioxidant [54] Tomato pulp Quails Antioxidant [55] Tomato powder Quails Antioxidant [56] Tomato powder Quails Yolk colour enhancement [57] Olive pomace Rabbits Antioxidant [58] Tomato pomace Rabbits Improved fatty acid composition [59] Olive Tomato pomace Ewes Improved milk fatty acid composition [63] Olive leaves Ewes Improved milk fatty acid composition [63] Olive cake Ewes Improved milk fatty acid composition [64, 65] Tomato waste Goats Improved milk fatty acid composition [66] Pomegranate seed pulp Goats Improved milk fatty acid composition [67] Citrus (orange) pulp Goats Improved appearance, taste and texture (cheese) [68] Pomegranate seed pulp Kids Antioxidant [69] Pomegranate by-product silage Lambs Improved milk fatty acid composition [70] Olive cake Lambs Antioxidant [71] Dried citrus pulp Lambs Antioxidant [72, 73] Pomegranate peel extract Cows Improved milk fatty acid composition [74] Dried stoned olive pomace Water buffaloes Improved milk fatty acid composition [75] 1 Function on meat unless otherwise stated.
Finally, the value of the co-product should be sufficient to attract the producer of the product, the feed manufacturer, and the livestock producer who will use the product. The co-product should merit a reasonable profit for the fruit and vegetable industry, the feed industry and the livestock producers to enable its production in the first place. The relative economic value of the co-products should remain low to gain an advantage in a competitive market. Recent advances in the biorefinery technology of fruit and vegetable co-products have resulted in large volume production of ingredients such as lycopene, β-carotene, tocopherols, and polyphenols, with a relative low cost. Until now, plant derived phytochemicals have only been used primarily in pharmaceuticals, cosmetics, nutrition and food industries due to the high production cost [81] .
Other factors limiting the application of co-product processing ingredients in animal nutrition is product inconsistency due to endogenous differences in their composition with respect to their botanical origin and processing conditions. The function of the co-product should be specific in order to survive competition in the feed ingredient market. The lack of documentation on the positive effects of these ingredients on animal performance and end product quality in large scale commercial trials is another factor restricting their usage. Complicated feed legislation and restrictions and the impact of added co-products on feed palatability [82] may also discourage animal nutritionists from using these types of feed ingredients. Regarding feed palatability, ingredients can enhance feed flavor, leading to increased feed consumption, or result in an aversion from feed when the taste is undesirable. The major factors and the requirements for the application of fruit and vegetable co-products in farm animal nutrition are presented in Table 4 . Furthermore, Smits and Sijtsma [83] described a decision tree for the assessment of the technical and economic feasibility for the application of co-products in animal nutrition. Recently, Wadhwa and Bakshi [84] published a report with useful information on the chemical composition, conservation methods, nutritive value, and guidelines for effective incorporation of fruit and vegetable residues in animal diets. Additionally, Laufenberg et al. [7] summarized the current utilization procedures of fruit and vegetable residues for their use in the feed industry.
Concluding Remarks
This overview highlighted the current developments on the application of fruit and vegetable processing co-products in farm animal nutrition as functional feed ingredients. The relevance of this topic is supported by the zero-waste society target set by the European Union until 2025 and the environmental burden arising both from fruit and vegetable processing and livestock production. In recent years, a number of studies have shown that fruit and vegetable processing co-products can be effectively used in livestock nutrition for the production of animal products of improved quality. Nevertheless, fruit and vegetable processing co-products still remain an underexploited source for the dietary supplementation of farm animals with functional compounds and the production of valueadded products. Commercial application of fruit and vegetable industry co-products as functional feed ingredients provides challenges and opportunities for field scientists. However, targeted multidisciplinary (food scientists, animal scientists, chemists) research on the efficacy, bioavailability, individual functions, and optimum supplementation levels of fruit and vegetable co-products as feed additives is needed.
Future Research
Future research should focus on:
• The effect of raw materials' processing conditions on the composition (characterization and quantification of the active/target compounds) of the produced co-products.
• The development of processing and biorefinery techniques that eliminate or negate hazardous constituents.
• The identification of synergistic and antagonistic functions of agricultural co-products with other feed ingredients in various types of feed formulations (matrices).
• The determination of optimum supplementation levels and the bioavailability of functional feed ingredients with relation to farm animal species and their required function.
• The production of affordable products with a standard composition that can be easily stored (extracts, powders) and have a reasonable shelf life.
• The evaluation of the functionality of new types of feed ingredients in large scale (commercial) feeding trials.
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